Short-term synaptic plasticity, the dynamic alteration of synaptic strength during high-frequency activity, is a fundamental characteristic of all synapses. At the calyx of Held, repetitive activity eventually results in short-term synaptic depression, which is in part due to the gradual exhaustion of releasable synaptic vesicles. This is counterbalanced by Ca 2+ -dependent vesicle replenishment, but the molecular mechanisms of this replenishment are largely unknown. We studied calyces of Held in knockin mice that express a Ca 2+ -Calmodulin insensitive Munc13-1 W464R variant of the synaptic vesicle priming protein Munc13-1. Calyces of these mice exhibit a slower rate of synaptic vesicle replenishment, aberrant short-term depression and reduced recovery from synaptic depression after high-frequency stimulation. Our data establish Munc13-1 as a major presynaptic target of Ca 2+ -Calmodulin signaling and show that the Ca 2+
SUMMARY
Short-term synaptic plasticity, the dynamic alteration of synaptic strength during high-frequency activity, is a fundamental characteristic of all synapses. At the calyx of Held, repetitive activity eventually results in short-term synaptic depression, which is in part due to the gradual exhaustion of releasable synaptic vesicles. This is counterbalanced by Ca 2+ -dependent vesicle replenishment, but the molecular mechanisms of this replenishment are largely unknown. We studied calyces of Held in knockin mice that express a Ca 2+ -Calmodulin insensitive Munc13-1 W464R variant of the synaptic vesicle priming protein Munc13-1. Calyces of these mice exhibit a slower rate of synaptic vesicle replenishment, aberrant short-term depression and reduced recovery from synaptic depression after high-frequency stimulation. Our data establish Munc13-1 as a major presynaptic target of Ca 2+ -Calmodulin signaling and show that the Ca 2+ -CalmodulinMunc13-1 complex is a pivotal component of the molecular machinery that determines short-term synaptic plasticity characteristics.
INTRODUCTION
Periods of high neuronal activity in the brain lead to changes in synapse strength that can last from a few tens of milliseconds to many hours. In many synapses, bursts of high-frequency activity cause a progressive reduction of the postsynaptic response. This phenomenon of use-dependent short-term plasticity (STP), termed short-term synaptic depression (STD), is observed at a variety of synapse types, including glutamatergic hippocampal and cortical synapses, climbing fiber synapses in the cerebellum, or the calyx of Held synapse (Dittman and Regehr, 1998; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998; Zucker and Regehr, 2002) . STP and the recovery from STD play a key role in determining the signaling capacity and processing speed of neuronal networks, and have been implicated in many brain processes, such as cortical gain control (Abbott et al., 1997) , working memory (Mongillo et al., 2008) , motor control (Nadim and Manor, 2000) , sensory adaptation (Chung et al., 2002) , and sound localization (Cook et al., 2003) .
A major cause of STD in hippocampal neurons (Rosenmund and Stevens, 1996) and the calyx of Held (von Gersdorff et al., 1997; Weis et al., 1999; Wu and Borst, 1999 ) is the progressive exhaustion of the readily releasable pool (RRP) of fusion competent synaptic vesicles (SVs) during high-frequency activity, until a steady state is reached where SV fusion and replenishment are balanced (Neher and Sakaba, 2008; Zucker and Regehr, 2002) . The replenishment rate of releasable SVs is augmented during and after high-frequency action potential (AP) firing-up to 30-fold in some synapse types-and considerable evidence indicates that this occurs in response to the elevation of the presynaptic calcium concentration [Ca 2+ ] i (Dittman and Regehr, 1998; Sakaba and Neher, 2001; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998) . Residual presynaptic [Ca 2+ ] i accelerates the recovery from STD by activating the molecular machinery that mediates RRP refilling, and in hippocampal neurons and the calyx of Held the Ca 2+ -sensing protein Calmodulin (CaM) is thought to be a key component of this machinery (Junge et al., 2004; Sakaba and Neher, 2001) .
The size of the RRP at rest and its replenishment during and after depletion are critically dependent on SV priming, a key process in the SV cycle that generates fusion competent SVs. In mammals, the active zone (AZ) proteins Munc13-1, bMunc13-2, ubMunc13-2, and Munc13-3 are essential priming factors. No RRP is generated and spontaneous and evoked SV fusions are completely abolished upon genetic ablation of Munc13s in hippocampal neurons . Furthermore, the SV priming activity of Munc13s is a critical determinant of STP characteristics. Munc13-1 expressing hippocampal neurons in autaptic culture exhibit STD, whereas neurons expressing ubMunc13-2, bMunc13-2, or Munc13-3 exhibit short-term enhancement (STE) of the synaptic response (Lipstein et al., 2012; Rosenmund et al., 2002) . Interestingly, the priming activity of Munc13s is regulated by [Ca 2+ ] i via three independent domains, a Ca 2+ -CaM binding domain (Dimova et al., 2006 (Dimova et al., , 2009 Junge et al., 2004; Lipstein et al., 2012) , a diacylglyerol binding C1 domain (Betz et al., 2001; Rhee et al., 2002) , and a Ca 2+ -phospholipid binding C2 domain (Shin et al., 2010) . Activation of these domains, separately or in combination, has profound consequences for STP in cultured neurons in vitro, indicating that the Munc13-mediated and Ca 2+ -dependent modulation of RRP maintenance and recovery is at the molecular basis of STP. The multiplicity of regulatory mechanisms calls for specific molecular manipulations, in order to clarify which aspects of STP are regulated by a given pathway.
Munc13-1 binds CaM in a Ca

2+
-dependent manner via a unique 1-5-8-26 binding site with an anchoring tryptophan residue at position 464 (Dimova et al., 2006 (Dimova et al., , 2009 Junge et al., 2004; Rodríguez-Castañ eda et al., 2010) . Expression of a Ca 2+ -CaM-insensitive Munc13-1 W464R mutant in cultured autaptic hippocampal neurons leads to stronger STD during high-frequency AP firing, with no changes in RRP size or vesicular release probability (p vr ) at rest (Junge et al., 2004) . These findings led to the hypothesis that binding of Ca
-CaM to Munc13-1 regulates STD during high-frequency activity by transducing elevations of presynaptic [Ca 2+ ] i via CaM into activation of Munc13-1, resulting in an acceleration of RRP refilling and an increase of the RRP size (Junge et al., 2004) . However, the validity of this hypothesis has only been verified in cultured neurons, in which RRP sizes and their replenishment rates, p vr , presynaptic Ca 2+ currents, and other presynaptic parameters cannot be assessed with the degree of accuracy that is possible in other model synapses.
To explore the role of Ca 2+ -CaM-Munc13-1 signaling in synapses within intact neuronal circuits, we generated a knockin (KI) mouse line that expresses a Ca 2+ -CaM insensitive Munc13-1 W464R variant instead of wild-type (WT) Munc13-1.
We chose the calyx of Held synapse for a detailed quantitative analysis of transmitter release because in this preparation key presynaptic parameters such as RRP size and replenishment rate, STP during AP trains, and presynaptic Ca 2+ influx can be measured with high accuracy (Borst et al., 1995; Fedchyshyn and Wang, 2005; Forsythe, 1994; Schneggenburger et al., 1999; Wu and Borst, 1999; Xu and Wu, 2005) . Ca 2+ -dependent regulation of RRP replenishment is known to be a prerequisite for sustained and reliable synaptic transmission, and corresponding [Ca 2+ ] i requirements are known (Hosoi et al., 2007) .
Importantly, Ca
-CaM signaling was shown to regulate the replenishment of a rapidly releasing SV pool in the calyx of Held ), but the relevant molecular Ca 2+ -CaM effector among the about 300 known CaM target proteins (Ikura and Ames, 2006 ) is unknown.
We show that Ca 2+ -CaM-Munc13-1 signaling regulates the recovery rate of the releasable SV pool in calyx of Held synapses, and conclude that a sensor-effector complex consisting of Ca 2+ -CaM and Munc13-1 represents a core component of the molecular machinery that regulates STP in vivo.
RESULTS
Generation and Basic Characterization of Munc13-1 W464R KI Mice We employed homologous recombination in mouse embryonic stem (ES) cells to generate KI mutant mice with a T to C substitution in the codon sequence of Munc13-1 residue 464 in exon 11 of the Munc13-1 (Unc13a) gene (Figures 1A-1E ; see Experimental Procedures for details). This substitution causes a tryptophan to arginine exchange (Munc13-1 W464R ), which abolishes Ca 2+ -CaM binding (Junge et al., 2004) , and introduces an AgeI restriction site.
Homozygous, cre-recombined Munc13-1 W464R mice were viable and fertile, had a normal life expectancy, and were indistinguishable from WT littermates in the cage environment. The size and cytoarchitecture of Munc13-1 W464R and
WT brains were identical (data not shown). Importantly, whole brain Munc13-1 expression levels did not differ between Munc13-1 W464R and WT mice at postnatal day (P) 9 or 28 ( Figure 1F ). Likewise, the expression levels of Munc13-2, Munc13-3, and key interaction partners of Munc13-1 such as RIM1 and Syntaxin-1 were similar in Munc13-1 W464R and WT mice, and none of the other synaptic markers tested showed altered expression levels (see Figure S1 available online). To confirm that the W464R point mutation interferes with the Ca 2+ -CaM-Munc13-1 interaction in vivo, we immunoprecipi- , although the levels of CaM in WT and Munc13-1 W464R brains were indistinguishable ( Figure 1G ).
These data show that the KI mutation has a specific and selective effect restricted to the interaction of Munc13-1 with Ca 2+ -CaM, does not interfere with gene transcription, mRNA translation, protein stability and turnover, or other protein-protein interactions of Munc13-1, and does not have overt effects on brain structure.
Munc13-1 and Munc13-1 W464R in the Calyx of Held
In preparation for functional analyses, we studied the expression and localization of Munc13-1 at the calyx of Held of WT and Munc13-1 W464R mice (Figure 2 ). Munc13-1 was previously reported to localize to AZs of most glutamatergic and GABAergic synapses in the brain (Augustin et al., 1999a; Varoqueaux et al., 2005) . Correspondingly, immunostaining for Munc13-1 in sections containing the medial nucleus of the trapezoid body (MNTB) from WT mice at P9-P11 (before hearing onset) or P15-P17 (after hearing onset) revealed punctate immunopositive structures that surrounded postsynaptic cell bodies. Colabeling with antibodies to the AZ marker Bassoon (Dondzillo et al., 2010) To estimate SV pool recovery, we used a paired-pulse protocol, consisting of two strong depolarizing stimuli (from À70 mV to +70 mV for 2 ms, and then to 0 mV for 50 ms) that were separated by different intervals. The first depolarization depletes the RRP and the second was used to quantify the SV pool fraction that recovered within the given interval . AMPA receptor mediated excitatory postsynaptic currents (EPSCs) and changes in membrane capacitance of the presynaptic terminal were used to monitor SV fusion and transmitter release. A deconvolution method was then employed to determine release rates from evoked EPSCs Sakaba and Neher, 2001; Sakaba et al., 2002) . Cyclothiazide (100 mM) and kynurenic acid (2 mM) were present in the bath to block desensitization and saturation of postsynaptic AMPA receptors , and 0.5 mM EGTA was present in the presynaptic patch pipette to separate the fast and slow components of release . Cumulative release from calyces of P9-P11 WT mice showed two components, representing previously identified fast and slowly releasing pools of SVs Wu and Borst, 1999;  Figure 3A ). The fast-releasing pool recovered slowly and in a biexponential manner (t 1 = 270 ms, 61%; t 2 = 12 s, 39%; n = 6; Figure 3D ), and the slowly releasing SV pool recovered rapidly, with the majority of the pool refilling completed within 100-200 ms after depletion ( Figure 3E ), in agreement with published data .
In contrast, Munc13-1 W464R calyces showed a strongly reduced rate of recovery of the fast releasing SV pool, so that the recovery time course could be fitted by a single exponential function ( Figure 3D ; t = 3.7 s; n = 6). This reduction in the recovery rate was phenocopied in WT calyces upon the introduction of 100 mM of a CaM-inhibitory peptide (Tö rö k and Trentham, 1994) through the presynaptic patch pipette ( Figure 3D ), and no additional reduction of the recovery rate was observed when dialyzing the inhibitor into Munc13-1 W464R calyces ( Figure 3D ), indicating occlusion of the peptide effect by the KI mutation. In contrast, neither the Munc13-1 W464R mutation nor the infusion of the CaM-inhibitory peptide in WT or Munc13-1 W464R calyces had any deleterious effect on the recovery time course of the slowly releasing SV pool ( Figure 3E ). A reduced recovery rate of SV pools in Munc13-1 W464R calyces was also evident when monitoring SV fusion by means of presynaptic membrane capacitance measurements, although the effect was less prominent, since this method reports the sum of fast and slow components ( Figure S2 ).
As elevations of presynaptic [Ca 2+ ] i , e.g., upon changes in Ca 2+ influx, strongly influence the recovery of releasable SV pools (Dittman and Regehr, 1998; Sakaba and Neher, 2001; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998) , we compared amplitudes of presynaptic Ca 2+ currents resulting from the depolarizing pulses between WT and Munc13-1 W464R mutant calyces but found no significant differences (WT, 1238 ± 79 pA, n = 6; Munc13-1 W464R , 1283 ± 56 pA, n = 6; p > 0.05). Likewise, no differences were observed in the recovery time course of presynaptic Ca 2+ currents, as the ratios between the Ca 2+ current amplitudes triggered by the second versus the first depolarization stimulus were identical for all interstimulus intervals ( Figure 3C ). These data show that in young calyx synapses the W464R mutation in Munc13-1 selectively affects the recovery of the fast releasing SV pool, much like CaM inhibitors do, indicating that the Ca 2+ -CaM effect on releasable SV pool refilling is mediated by Munc13-1. The lack of CaM binding to Munc13-1 W464R in the KI mutant does not appear to affect presynaptic Ca 2+ channels, which are known to bind CaM (DeMaria et al., 2001; Lee et al., 1999; Peterson et al., 1999; Zü hlke et al., 1999) .
SV Pool Replenishment in the Calyx of Held of Munc13-1 W464R KI Mice after Hearing Onset Calyx of Held synapses undergo a structural and functional refinement during postnatal development that transforms these synapses into fast and reliable relays. These developmental modifications include changes in SV pools, release probability, postsynaptic receptor desensitization, and expression of Ca 2+ binding proteins (Crins et al., 2011; Erazo-Fischer et al., 2007; Sonntag et al., 2011; Taschenberger et al., 2002; Taschenberger et al., 2005; Taschenberger and von Gersdorff, 2000; Wang et al., 2008) . In light of these changes, we decided to study the recovery rates of the two SV pools and the dependency of the ) in a calyx synapse of a Munc13-1 WT mouse. Two depolarizing pulses (0 mV for 50 ms after predepolarization to +70 mV for 2 ms) were applied at different interstimulus intervals (ISI, here 500 ms). Ca 2+ currents, evoked EPSCs, and changes in membrane capacitance (C m ) recorded during the first and second pulses are shown. Vesicle release rates were estimated by deconvolving EPSCs ) and integrated to obtain the cumulative release (expressed as number of SVs) for the first (dotted line) and second (continuous line) EPSC.
(B) Example traces as in (A) recorded in a calyx synapse of a Munc13-1 W464R mouse. RRP sizes estimated from the cumulative release during the first depleting stimulus showed no differences between mutant and WT calyces (WT, 4,077 ± 560 SVs, n = 6; Munc13-1 W464R , 4,259 ± 339 SVs; n = 6, p > 0.05). Note that the time constants of release tended to be slightly larger in Munc13-1 W464R calyces, but this difference was not statistically significant (WT, 1.6 ± 0. WT (black, n = 6) or Munc13-1 W464R (gray, n = 6) littermates. These data indicate a full recovery of Ca 2+ currents between the depolarizing pulses at all intervals tested.
(D) Recovery of the fast-releasing pool of SVs in calyces from WT (black, n = 6), Munc13-1 W464R (gray, n = 6), and WT (open black circles; n = 4) and Munc13-1 W464R calyces (triangles; n = 6) dialyzed with 100 mM CaM inhibitory peptide, as a function of the ISI. The size of the fast-releasing SV pool was calculated by fitting a double exponential function to the cumulative release curve as published previously ). The recovery ratio was calculated by dividing the number of fast-releasing SVs released during the second EPSC by that released during the first EPSC.
(E) Recovery of the slowly releasing pool of SVs in WT (black, n = 6), Munc13-1 W464R (gray, n = 6) and WT and Munc13-1 W464R calyces dialyzed with 100 mM CaM inhibitory peptide (open black circles; n = 4 and triangles; n = 6, respectively), calculated as described in ( recovery rates on CaM in more mature WT and Munc13-1 W464R calyces (P14-P17).
We measured the recovery of the fast and slowly releasing SV pools following their depletion by a 50 ms depolarizing pulse in P14-P17 calyces under the same conditions as with P9-P11 calyces (see Figure 3) . The cumulative release in WT calyces of P14-P17 animals exhibited two components (t 1 = 1.3 ± 0.5 ms, 60% of the total fit; t 2 = 11.7 ± 4.3 ms, n = 7; Figure 4A ). The size of the releasable SV pools under resting conditions varied substantially among different calyces, and was on average 2,208 ± 459 SVs for the fast releasing pool and 1,503 ± 351 SVs for the slowly releasing pool (n = 7). The fast releasing SV pool recovered slowly, with t 1 = 430 ms ( Figure 4D ) and the slowly releasing SV pool recovered rapidly within 100-200 ms after the first depolarization pulse (t 1 = 40 ms; Figure 4E ).
Similar to the values obtained for WT calyces ( Figure 4A ), we observed two components of the cumulative release (t 1 = 0.8 ± 0.2 ms, 55% of the total release; t 2 = 6.1 ± 0.9 ms, n = 6) in P14-P17 calyces of Munc13-1 W464R mice ( Figure 4B ). The sizes of the releasable SV pools under resting conditions were 1,931 ± 447 SVs for the fast releasing pool and 1,647 ± 276 for the slowly releasing pool (n = 6). As observed in experiments with younger animals, the recovery of the fast-releasing SV pool in Munc13-1 W464R mice was slowed down significantly ( Figures 4B, 4D , 4E, and S2C) when compared to WT calyces at P14-P17. This change was not only apparent with regard to the recovery of the fast releasing SV pool (t 1 = 1.1 s, n = 6; Figure 4D ), but was also detectable with the slowly releasing SV pool (t 1 = 269 ms, n = 6; Figure 4E ), which took almost 1 s to recover completely. A similar reduction in the recovery rate of the fast and slow components was observed in WT calyces when 100 mM of a CaM inhibitory peptide were included in the presynaptic patch pipette. Ca (WT, 1,323 ± 159 pA, n = 7; Munc13-1 W464R , 1,294 ± 170 pA, n = 6; p > 0.05; Figure 4C ).
These data show that the Munc13-1 W464R mutation affects the recovery of both the slowly and the fast releasing SV pool in mature calyces, supporting the notion that Ca 2+ -CaM signaling to Munc13-1 plays a key role in releasable SV pool refilling.
Recovery from Synaptic Depression in the Calyx of Held of Munc13-1 W464R KI Mice In the calyx of Held, the recovery of EPSC amplitudes from depression after high-frequency stimulation is accelerated by presynaptic residual [Ca 2+ ] i (Wang and Kaczmarek, 1998) and CaM , and a particularly strong acceleration of RRP refilling is observed after intense presynaptic stimulation at R300 Hz (Wang and Kaczmarek, 1998) .
In subsequent experiments, we tested if Munc13-1 is involved in this Ca 2+ -and CaM-dependent RRP recovery. To assess the recovery of the synaptic response, we triggered pairs of AP trains at 100 or 300 Hz (50 stimuli in the first/conditioning train, 10 stimuli in the second train) at different time intervals and measured EPSCs in slices of P9-P11 mice. The recovery was quantified by dividing the first amplitude of the second EPSC train by the first amplitude of the first EPSC train, after subtraction of the steady-state depression (SSD) levels of the first train, and plotted as a function of the interstimulus interval. Following a 100 Hz train, the recovery time course was slightly slower in Munc13-1 W464R calyces as compared to WT synapses ( Figure 5A ). Weis et al., 1999; Wu and Borst, 1999) , and presynaptic introduction of CaM inhibitors leads to stronger SSD (Hosoi et al., 2007; Lee et al., 2012) . In light of the substantially slower recovery rate after depletion of the fast releasing SV pool in the Munc13-1 W464R mice, we tested next whether the Ca 2+ -CaM interaction with Munc13-1 is critical for frequency dependent STD. We triggered presynaptic AP trains of different frequencies by stimulating the afferent fibers and measured EPSCs in P9-P11 mice. Cyclothiazide was not included in the bath solution in these experiments to prevent alterations of the presynaptic AP (Ishikawa and Takahashi, 2001 ) and release time course (Taschenberger et al., 2005) . Recovery after 100 Hz, P9-P12 Recovery after 100 Hz, P14-P17
Recovery after 300 Hz, P9-P12 Recovery after 300 Hz, P14-P17 No differences between WT and Munc13-1 W464R synapses were detectable with regard to the SSD levels during trains of 25 APs at frequencies of 2-300 Hz (Figures 6A-6C) . Likewise, no significant differences in the average amplitude of the first EPSC in a given train (100 Hz train; WT, 10.02 ± 0.72 nA, n = 8; Munc13-1 W464R , 11.78 ± 1.51 nA, n = 8; p > 0.05) or in the time course of EPSC depression were detectable ( Figures S3A  and S3B ), indicating that the total RRP size as well as release probability (p r ) under both resting and activated conditions are similar in WT and Munc13-1 W464R calyces. Accordingly, paired-pulse ratios (PPR) were comparable between WT and Munc13-1 W464R calyces ( Figure 6E ). To account for the possibility that postsynaptic receptor saturation and/or desensitization may have masked differences in glutamate release, we repeated above experiments in the presence of kynurenic acid (1 mM) in the extracellular solution to minimize such effects, but again failed to detect significant differences between WT and Munc13-1 W464R calyces ( Figures 6D, S3C , and S3D).
In juvenile calyces of Held, inactivation of presynaptic Ca 2+ currents contributes strongly to STD elicited by low-frequency AP trains (Xu and Wu, 2005) . To exclude the possibility that compensatory changes in the level of presynaptic Ca 2+ current inactivation account for the similar SSD levels in WT and Munc13-1 W464R calyces, we measured presynaptic Ca 2+ currents during trains of depolarizing stimuli at 5, 10, 100, and 200 Hz, but found no differences in the modulation of presynaptic Ca 2+ influx during such trains between WT and Munc13-1 W464R calyces ( Figures 6F-6H ).
These data show that the Ca 2+ -CaM dependent Munc13-1 mediated replenishment of the rapidly releasable SV pool does not significantly affect SSD levels in young calyx of Held synapses.
STD in the Calyx of Held of Munc13-1 W464R KI Mice after Hearing Onset
Because the relative contribution of mechanisms that define the steady-state EPSC amplitudes during train stimulation changes during postnatal maturation of the calyx (Crins et al., 2011; Erazo-Fischer et al., 2007; Sonntag et al., 2011; Taschenberger et al., 2002 Taschenberger et al., , 2005 Wang et al., 2008) , we tested whether STD differs between more mature WT and Munc13-1 W464R synapses. We measured SSD levels during trains of 25 APs at frequencies of 2-100 Hz in P14-P17 calyces. SSD levels in calyces of Munc13-1 W464R mice were significantly lower than those of WT mice at all frequencies tested ( Figures 7A-7C , S3E, and S3F), whereas the initial EPSC amplitudes were unchanged (100 Hz train; WT, 20.55 ± 2.3 nA, n = 16; Munc13-1 W464R 24.3 ± 3.02 nA, n = 17; p > 0.05). The stronger SSD in P14-P17 Munc13-1 W464R KI calyces was accompanied by significantly smaller PPRs in Munc13-1 W464R mutants as compared to WT animals (Figure 7D) . Presynaptic Ca 2+ current amplitudes (WT, 1.85 ± 0.2 nA, n = 5; Munc13-1 W464R , 1.96 ± 0.3 nA, n = 6; p > 0.05), and facilitation of the Ca 2+ current during trains of step depolarizations were similar in Munc13-1 W464R and WT calyces ( Figures 7E-7G) , and therefore cannot account for the differences observed in p r .
These data demonstrate that genetic perturbation of Ca 2+ -CaM signaling to Munc13-1 results in aberrant STD in the calyx of Held after hearing onset, but not at calyces of juvenile mice.
DISCUSSION
Ca
2+ -CaM-Munc13-1 Signaling Is a Key Determinant of RRP Replenishment and STD in the Calyx of Held STD during high-frequency AP trains is a feature of many synapses in the mammalian brain, including the calyx of Held (Figures 6  and 7) . It primarily reflects a transient and activity dependent decrease in neurotransmitter release, which can be caused by several different processes, including reduced Ca 2+ influx into presynaptic terminals (Xu and Wu, 2005) , changes in the AP waveform (Geiger and Jonas, 2000) , depletion of the RRP of SVs (Rosenmund and Stevens, 1996; Sakaba and Neher, 2001; Wu and Borst, 1999) , and delayed clearance of SV release sites (Hosoi et al., 2009) . STD is counteracted by the SV priming machinery, which consists of Munc13 and CAPS proteins and determines the rate of RRP refilling and the RRP size after strong stimulation (Augustin et al., 1999b; Jockusch et al., 2007; Junge et al., 2004; Rhee et al., 2002; Rosenmund et al., 2002; Varoqueaux et al., 2002 (Betz et al., 2001; Dimova et al., 2006 Dimova et al., , 2009 Junge et al., 2004; Rhee et al., 2002; Shin et al., 2010) . However, the corresponding evidence was exclusively obtained in cultured neurons. As a result, the question as to whether Munc13s are important determinants of Ca 2+ -dependent RRP replenishment and STP in native synapses within intact neuronal circuits has remained a focus of substantial controversy. By employing a KI mutant mouse line in which the WT protein is replaced by a Ca 2+ -CaM insensitive Munc13-1 W464R variant and by using the calyx of Held as a model synapse, we demonstrate that Ca 2+ -CaM binding to Munc13-1 regulates RRP recovery from depletion and the time course of recovery from STD (Figures 3 and 7) . These functional changes are a specific consequence of blocked Ca 2+ -CaM binding to Munc13-1 ( Figure 1G) because Munc13-1 expression ( Figure 1F ), its interaction with its key target protein Syntaxin 1 ( Figure 1G ), and its presynaptic localization (Figure 2 ), as well as the expression levels of Munc13-1 interactors and functionally related proteins (Figure S1) are not affected by the KI mutation. Our data show that Munc13-1 is an important Ca 2+ -CaM effector in the replenishment of the releasable SV pool in the calyx of Held. The reduction of the replenishment rate of the fast releasing SV pool caused by the Munc13-1 W464R mutation is similar in calyces before and after hearing onset (Figures 3  and 4) , demonstrating that the SV release machinery depends upon the priming activity of Ca 2+ -CaM activated Munc13-1 throughout development. Strikingly, the effects of presynaptic introduction of CaM inhibitors on RRP replenishment rates precisely mirror the effects of the Munc13-1 W464R mutation, and the Munc13-1 W464R mutation occludes any further effects of CaM inhibition (Figures 3D, 3E, 4D, and 4E) . This indicates that the previously reported effects of CaM inhibition on RRP refilling in the calyx of Held are mainly due to a perturbation of Ca
2+
-CaM-Munc13-1 signaling, and that Munc13-1 is a major presynaptic target of Ca 2+ -CaM-signaling in RRP replenishment. -dependent acceleration of the replenishment rate of releasable SV pools is thought to contribute profoundly to the rapid recovery from synaptic depression after high-frequency AP trains and to determine the SSD level during the train (Neher and Sakaba, 2008; Wang and Kaczmarek, 1998) . We report a significant retardation of the recovery of EPSCs after 300 Hz trains in P9-P11 calyces, and after 100 and 300 Hz trains in P14-P17 calyces of Munc13-1 W464R mice (Figure 5 ), which likely reflects a reduction in Ca 2+ -dependent RRP recovery. Our data reveal that the Ca 2+ -CaM-Munc13-1 signaling complex is a pivotal part of the molecular machinery that mediates the frequencydependent recovery from depression. Other mechanisms that additionally contribute to Ca 2+ -dependent RRP recovery include, for example, CaM independent signaling to the priming machinery, e.g., via the C1 and C2 domains of Munc13s Shin et al., 2010) , or facilitation of the release of reluctant vesicles following elevation of [Ca 2+ ] i (Wu and Borst, 1999) . The SSD levels during high-frequency synaptic activity are thought to be defined by a balance between SV release and replenishment (Dittman and Regehr, 1998; Saviane and Silver, 2006; Wang and Kaczmarek, 1998) . We therefore expected that the reduction of RRP replenishment rates seen in Munc13-1 W464R KI calyces (Figures 3 and 4) would result in lower SSD levels. However, a reduction of SSD levels was only found in calyces of more mature KI animals, whereas in WT and Munc13-1 W464R calyces at P9-P11 SSD was similar at all frequencies tested (Figure 6 ). This is surprising in view of the findings that acute application of CaM inhibitors causes lower SSD levels in the rat calyx of Held at P9-P11 (Hosoi et al., 2007; Lee et al., 2012; Sun et al., 2006) and that cultured hippocampal neurons expressing only Munc13-1 W464R from a viral rescue construct show an increased STD and lower SSD levels (Junge et al., 2004) . At least four scenarios may account for this unexpected finding. First, basal, Ca 2+ -independent activity of Munc13-1 (Basu et al., 2005) in the Munc13-1 W464R mutant might be sufficient to maintain normal SSD levels during phases of moderate to strong synaptic activity, but not upon complete RRP depletion by sustained presynaptic depolarization. Second, the priming activity of Munc13-1 W464R can still be strongly potentiated via the C1 domain or the C2B domain Shin et al., 2010) . Third, it is possible that the regulation of Munc13-1 activity by CaM in the calyx of Held in vivo is mainly relevant at rather high [Ca 2+ ] i . Indeed, the dual pulse protocol we used to assess the replenishment of the fast and slowly releasable SV pools (Figures 3 and 4) involves long depolarizations, during which global presynaptic Ca 2+ -concentrations are expected to reach higher levels than during AP trains (Hosoi et al., 2007) . In addition, an effect of the Munc13-1 W464R mutation on the evoked synaptic responses was seen during recovery from synaptic depression after high-frequency stimulation trains, which likely cause a strong and long-lasting rise in [Ca 2+ ] i ( Figures 5A-5D ). The notion that the Ca 2+ -CaMMunc13-1 signaling may be only operational at rather high [Ca 2+ ] i in intact cells is supported by a recent study on the calyx of Held (Lee et al., 2012) , which showed that recovery from synaptic depression functions in two different regimes, one of which operates only after complete depletion of the fast and the slowly releasing SV pools, depends on Ca 2+ -CaM signaling, and has characteristics that are reminiscent of the Ca 2+ -CaMMunc13-1 signaling pathway described in the present study. Fourth, Munc13-1-independent mechanisms might be more dominant in determining SSD levels. For example, Ca 2+ current inactivation is likely to contribute significantly to STD, thus limiting the contribution of RRP replenishment to SSD before hearing onset (Xu and Wu, 2005) . Additional pathways that are known to affect STP include phosphorylation of Synapsins by Ca 2+ -CaM-dependent protein kinases (Sun et al., 2006) , Ca 2+ -CaM-dependent regulation of myosin light chain kinase (Lee et al., 2008) , Calcineurin (Sun et al., 2010) , and Ca 2+ channels (Nakamura et al., 2008; Xu and Wu, 2005) . Compensation by CaM-dependent and -independent signaling pathways may account for differences observed between the present findings and data obtained with acute pharmacological manipulations, and may indeed occur in Munc13-1 W464R mice because auditory brainstem response thresholds and waveforms were not significantly different between Munc13-1 W464R and WT animals ( Figure S4) .
While the present study cannot explain why certain aspects of presynaptic function in the calyx of Held are unaffected by perturbing Ca 2+ -CaM-Munc13-1 signaling, our mouse KI approach allowed us to unequivocally pinpoint the involvement of Ca 2+ -CaM-Munc13-1 signaling in releasable SV replenishment, recovery of synaptic transmission after high-frequency stimulation, and STD. Interestingly, the fact that the Munc13-1 W464R mutation affects RRP recovery after high-frequency stimulation but not SSD levels in P9-P11 calyces may indicate that the molecular mechanisms that determine SSD in the juvenile calyx of Held during high-frequency activity are at least partly different from the ones that are involved in the rapid recovery from synaptic depression.
Ca 2+ -CaM-Munc13-1 Signaling in AZ Clearance Several recently published studies have shown that the availability of readily releasable SVs does not only depend on SV priming, i.e., the assembly of a fusogenic release apparatus, but also on the availability of release sites at AZs, which may have to be cleared by endocytotic processes or recover from a refractory period before SVs can be accepted for a new round of exocytosis. This notion is supported by kinetic modeling studies (Pan and Zucker, 2009) and by experiments demonstrating a slowdown of recovery from synaptic depression after perturbation of endocytosis. Because the effects of perturbed endocytosis on SV pool recovery set in so rapidly that they cannot be ascribed to SV depletion, they were explained by delayed clearance of AZ release sites from the remains of preceding SV fusion reactions (Hosoi et al., 2009; Kawasaki et al., 2000) or else by impaired structural recovery of the disruption that is caused by preceding exocytosis (Wu et al., 2009) . Interestingly, the effects of perturbed endocytosis on the kinetic characteristics of synaptic transmission and RRP recovery are very similar to the effects of the Munc13-1 W464R mutation described here and to those of acute pharmacological block of CaM . However, a possible involvement of Ca 2+ -CaMMunc13-1 signaling in release site clearance will have to be tested in future experiments.
Ca 2+ -CaM Signaling to Munc13-1 and Release Probability at the Calyx of Held Munc13-1 W464R KI calyces from P14-P17 mice exhibit low PPRs at all inter-stimulus intervals tested (10-500 ms; Figure 7D ), indicating higher release probability p r . Homeostatic processes leading to high p r were suggested to occur in the calyx of Held upon perturbation of synaptic transmission at the level of inner hair cells (Erazo-Fischer et al., 2007) . It is thus possible that the high p r seen in Munc13-1 W464R calyces may reflect a homeostatic compensatory mechanism that occurs in response to the physiological consequences of the Munc13-1 W464R mutation in the calyx synapse or upstream of it.
Alternatively, the high p r in Munc13-1 W464R mutant calyces may indicate a modulatory effect of Munc13-1 activity on the release machinery. One such role was proposed based on the phenotype of neurons from KI mutant mice that carry a Munc13-1 H567K mutation, which renders Munc13-1 insensitive to diacylglyerol and phorbol esters (Basu et al., 2007; Rhee et al., 2002) . Cultured Munc13-1 H567K neurons exhibit an increase in p r , which has been interpreted to reflect a gain-of-function effect of the H567K mutation, reducing the energy barrier for SV fusion downstream of SV priming (Basu et al., 2007) . A similar scenario might arise in the context of the Munc13-1 W464R mutant calyces, which would be supported by our observation that at P14-P17, the fast time constant of release was slightly, albeit not significantly, faster in KI (t 1 = 0.8 ± 0.2 ms, 55%) compared to WT synapses (t 1 = 1.3 ± 0.5 ms, 60%; see Figures 4A and 4B), which is consistent with the slightly higher p r in the former. However, the H567K mutation likely destroys the zincfinger structure of the C1 domain, thereby promoting an open conformation of Munc13-1 that mediates the gain-of-function effect. In contrast, the W464R mutation does not affect the a-helical structure of the Ca 2+ -CaM binding motif. Further studies are necessary to determine the reason for the increased p r in mature Munc13-1 W464R calyces and how this might be linked to Munc13-1 regulation and synaptic function.
Conclusion
In the present study, we used a combination of mouse genetics and electrophysiological recordings in the calyx of Held synapse to study the role of Ca 2+ -CaM-Munc13-1 signaling in presynaptic function and plasticity. With the Munc13-1 W464R mutation, we were able to specifically pinpoint the role of Ca
2+
-CaM binding to Munc13-1 and to separate this process from the numerous other signaling pathways that are mediated by Ca 2+ -CaM and that may be affected upon pharmacological interference with Ca 2+ -CaM signaling. Our data show that intact Ca
-CaM-Munc13-1 signaling is required for the rapid recovery of the SV pools in the calyx of Held and is critical for the recovery of the synaptic response after high-frequency stimulation, an important feature of STP.
EXPERIMENTAL PROCEDURES
Generation of Munc13-1 W464R KI Mice
Munc13-1 W464R KI mutant mice were generated by homologous recombination in ES cells using a targeting vector with a point mutation in exon 11 (encoding the CaM binding site of Munc13-1) that changes the tryptophane in position 464 of Munc13-1 to an arginine and introduces a new AgeI restriction site (Figure 1 ). Homologously recombined ES cells were identified by Southern blotting ( Figures 1A and 1B) , followed by PCR amplification and sequencing of exon 11 to verify cointegration of the point mutation. Mice carrying the Munc13-1 W464R neo allele were generated as described (Thomas and Capecchi, 1987) . To eliminate the Neomycin resistance gene, Munc13-1 W464R neo mice were crossed with EIIa-cre mice (Lakso et al., 1996) . Offspring from these interbreedings were analyzed using PCR, restriction analysis, and sequencing ( Figures 1C-1E) , and animals in which a successful cre recombination had occurred (Munc13-1 W464R/WT ) were selected to breed homozygous Munc13-1 W464R/W464R (referred to as Munc13- 1 W464R ) and WT littermates for all experiments. Mice were routinely genotyped by PCR ( Figure 1E) . Details of the generation of Munc13-1 W464R KI mutant mice are provided in the Supplemental Information. All animal experiments were approved by the responsible local government organization (Niedersä chsisches Landesamt fü r Verbraucherschutz und Lebensmittelsicherheit, Permission 33.9.42502-04/103/08).
Protein Chemistry
Coimmunoprecipitation experiments were performed essentially as described (Betz et al., 1997; Junge et al., 2004) using IGEPAL extracts of purified synaptosomes from mouse brain and an affinity-purified antibody directed against Munc13-1 ( Varoqueaux et al., 2005) . Immunoprecipitated proteins were analyzed by SDS-PAGE and western blotting. Details of the procedure and the identities and sources of antibodies used are provided in the Supplemental Information.
Immunostaining
Immunostaining experiments were performed on P9-P11 or P15-P17 mouse brain sections using primary antibodies to Munc13-1, Bassoon, and MAP-2. Details of the staining procedure and analysis methods, and the identities and sources of antibodies used are provided in the Supplemental Information.
Electrophysiology
Transverse brainstem slices (200 mm thick) were prepared from 9-to 17-dayold mice as described previously (Borst et al., 1995; Forsythe, 1994) . Experiments were performed at room temperature. In paired recordings of the pre-and postsynaptic compartments, 50 mM D-AP5 (Tocris), 100 mM cyclothiazide (Tocris), and 2 mM kynurenic acid (Kyn; Tocris), were included in the external solution to isolate postsynaptic AMPA-receptor mediated EPSCs and to reduce desensitization and saturation of postsynaptic AMPA receptors. We included 1 mM TTX (Alomone Labs) and 10 mM TEA-Cl (Sigma-Aldrich) to block Na + and K + channels, allowing the isolation of presynaptic Ca 2+ currents.
A calyx of Held and its postsynaptic MNTB principal neuron were whole-cell voltage clamped at À70 or À80 mV using an EPC10/2 amplifier (HEKA). Presynaptic capacitance measurements at the calyx terminal were carried out using an EPC10/2 amplifier in the sine + DC configuration (Sun and Wu, 2001; Yamashita et al., 2005) . A sine wave (30 mV in amplitude; 1,000 Hz) was superimposed on a holding potential of À80 mV. Release rates were estimated by the deconvolution method, adapted for the calyx of Held . Cumulative release, obtained by integrating the release rate, was fitted by a double exponential after correction for SV replenishment ). For fiber stimulation, either glass pipette or bipolar stimulation electrodes were used to evoke presynaptic APs. To measure Ca 2+ currents during a train of depolarizing stimuli, the presynaptic compartment was whole-cell voltage clamped at À80 mV and 1 ms step depolarizations to 0 mV (in P9-P11 calyces) or to +40 mV (in P14-P17 calyces) were applied at various frequencies. Details of electrophysiological procedures are provided in the Supplemental Information.
Statistics
All data are presented as mean ± SEM. Statistical significance of changes was tested using Student's t test. p values smaller that 0.05 were considered to indicate statistically significant differences.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2013.05.011.
